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SUMWRY 

A swir l -can ful l -annulus combustor was operated a t  an average o u t l e t  
temperature o f  3616 F (2264OK) which i s  on ly  3 3 7 O  R (187 K) below the 
s to ich iometr ic  temperature, The combustion e f f i c i ency ,  pa t te rn  factor,  
smoke emission, and pressure loss were a l l  q u i t e  favorable, Add i t i ona l  
work w i l l  be required before good d u r a b i l i t y  and r e l i a b i l i t y  a r e  obtained, 

I NTRODUCT I ON 

This repo r t  describes the r e s u l t s  o f  the i n i t i a l  e f f o r t s  t o  operate 
a fu l l -annulus swir l -can primary combustor a t  o u t l e t  temperatures w i t h i n  
a few hundred degrees o f  the s to ich iometr ic  temperature, 
may f i n d  a p p l i c a t i o n  i n  f u t u r e  m i  1 i t a r y  a i r c r a f t  wherein a minimum-size, 
minimum-weight t u rb ine  engine would be used f o r  t akeo f f  and acce le ra t i on  
t o  high c r u i s e  Mach numbers and a ram j e t  engine would be used f o r  
propuls ion dur ing cruise, 

Such a combustor 

Swirl-can combustors have been invest igated f o r  many years a t  the 
NASA Lewis Research Centero The i n i t i a l  work i n  1957 (references 1 and 2) 
was conducted w i th  hydrogen fuel ,  Later work (references 3 and 4) was 
conducted t o  i nves t i ga te  the performance o f  t h i s  type combustor w i t h  
vaporized hydrocarbon fuels,  The more recent work i n  references 5 through 
8 was conducted w i t h  l i q u i d  j e t  f u e l  and was devoted t o  improving the 
design o f  swir l -can combustors and extending t h e i r  operat ing range t o  
condi t ions t y p i c a l  o f  modern engines, 

The most natura l  a p p l i c a t i o n  o f  swir l -can combustors h:s clways been 
deemed t o  be i n  engines r e q u i r i n g  very high t u r b i n e - i n l e t  temperatures, 
However, before undertaking the operat ion o f  aa combustor a t  h igh temperatures, 
i t  was f i r s t  necessary t o  ob ta in  a s a t i s f a c t o r y  l eve l  o f  performance a t  
lower temperatures, It was p a r t i c u l a r l y  important t o  obtr i in a reasonable 
temperature pa t te rn  fac to r  a t  the t u r b i n e - i n l e t  s ta t ion,  inadequate mixing, 
as evidenced by poor p a t t e r n  fac to rs  a t  the lower temperatures, would r e s u l t  
i n  richer-than-stoichiometric regions (and, hence, low combustion e f f i c i e n c y  
and h igh p o l l u t a n t  emissions) as t u r b i n e - i n l e t  temperatures approach the  
s to ich iometr ic  temperature, Therefore, i t  was on ly  a f t e r  completing the 
work described i n  references 1 through 8 t h a t  operat ion a t  near-stoichiometr ic 
temperatures was a t  tempted :, 
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COMBUSTOR DESIGN 

The t e s t  combustor i s  shown i n  f igures 1 and 2, It i s  an annular 
design which i s  2O,25 inches (0,514 m) long and 42 inches (1,067 m) in  
diameter,, I t s  unique features include: 

A combustor module ar ray consis t ing o f  120 modules, which 
d i s t r i b u t e  combustion uni formly across the annulusf A l l  o f  
the combustor a i r f l o w ,  exclusive o f  l i n e r  coolant f low, 
passes through the array prov id ing an abundance o f  a i r  for 
a l l  stages o f  the combustion process, 

A combustor module design, shown i n  f i g u r e  3, which performs 
several functions, Each module premixes fue l  w i t h  a i r ,  s w i r l s  
the mixture, s t a b i l i z e s  combustion i n  i t s  wake, and provides 
large i n t e r f a c i a l  mixing areas between the bypass a i r  through 
the a r ray  and the hot  gases i n  the module wake, 

A combustor l i n e r  design, the major po r t i on  o f  which i s  removed 
from the hot gas streamlines, thus requ i r i ng  sm3ll  amounts of 
coolant f low (approximately 4-7% of the t o t a l  a i r f l o w ) ,  
S imp l i f i ed  l i n e r  designs were u t i l i z e d  since d i l uen t  a i r  i s  
no t  i n jec ted  through them, 

INSTRUMENTATION 

excess of 400 pressures and temperatures were used t o  monitor 
combustor performance,' O f  p a r t i c u l a r  qote: a choked nozzle w i t h  a f l o w  
area o f  132,50 square inches (0,0854 m ) a s  used t o  determine combustor 
e x i t  average temperatures and combust ion e f f i c i enc ies ,  The ca l cu la t i on  
o f  e x i t  average temperature required inputs o f  t o t a l  mass f low and pressure 
a t  the nozzle th roa t  and the nozzle throat  area, Circumferent ia l  traverses 
o f  a 5- rad ia l -pos i t ion probe were used t o  c a l i b r a t e  the choked nozzle under 
isothermal and burning condi t ions f o r  e x i t  temperatures up t o  2300° F 
(1533 K), 
defined a discharge coef f ic ient  o f  0,985 and an area growth o f  0,72 
percent for  each 1000° temperature r i se ,  

Cal ibrat ions were extrapolated t o  higher temperatures and 

TEST COND IT 6 ONS 

Test condi t ions were determined by f u e l  supply system capacity, which 
was approximately 3 lb/sec ( l o 3 6  kg/sec) or  less, and by the choked nozzle 
th roa t  area, Th combustor i n l e t  pressure ranged from 43*5 t o  60 psia 
(30 t o  41,4 n/cm ); the i n l e t - a i r  temperature was maintained a t  600° F 
(589 K) by a heat exchanger i n  the i n l e t  a i r  piping, 

which were l i m i t e d  by the choked nozzle area, va r ied  from 130 f t / sec  
(39*6 m/sec) a t  isothermal condi t ions t o  67 f t /sec (20,4 m/sec) a t  

?! 
Reference ve loc i t i es ,  
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3600' F (2256 K), All tests were conducted with ASTM-A1 liquid fuel, 

TEST RESULTS 

the exit gas temperature, produced approximately a 2,5% deviation in 
combustion efficiency, 
occurred at a fuel ir ratio of 0,OgOl end was 102,46%, If this 
efficiency were reduced to 1000/, by readjusting the nozzle area growth, 
and the remainder of the test data were normalized to this point, the 
maximum combustor exit temperature achieved would be reduced from 3616O 
to 3552O F (2264 to 2229 K), 

The highest combustion efficiency recorded 

Pressure lossc - Pressure losses for isothermal conditions and 
temperature are shown in figure 50 For burning 
ch number decreased with increasing exit 

temperature due to the choked nozzle, 
loss for various temperature ratios across the combustor and inlet Mach 
numbers e 

Below Is e compilation of pressure 

Exit Temperature Inlet Mach Total Pressure Loss 
Inlet Temperature Ratio Number e 

OR/OR 

49 9 
4,2 
3*8 
3.5 
393 

Pattern factor, - The highest outlet temperature that was obtained, 
3616 
Consequently, the highest possib ctor at this condition was 

s only 3370 R (187 K) below the stoichiometric temperature, 

= 0,112 
3616 - 600 

where the pattern factor is def lned as the ximum local exit temperature 
minus the average exit temperature divided by the temperature rise across 
the combustoro 
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Smoke and carbon formation, - The fo l lowing smoke data were obtained: 

Combus t o r  E x i t  Temperature Fu e 1 -A i r Ra t i o Von Brand 
OF K Smoke Number 

1655 t o  3054 
3 176 
3272 
3396 
3357 

3423 
3485 
3540 
3616 

1175 t o  1952 ,0173 t o  .0422 
2020 0447 
2073 ,0467 
2142 ., 0497 
2121 0495 

2157 
2192 
2222 
2264 

No detectable amount 
5 
6 
9 

10 - reduct ion i n  
a i r f l o w  

12 
13 
14 
230 7 

I n  addi t ion,  s l i g h t  carbon deposits occurred on the center po r t i on  o f  about 
l / 3  of the swir lers ,  

Durab i l i t y ,  - The combustor was operated continuously f o r  a t o t a l  o f  
3 hours and 46 minutes a t  e x i t  temperatures above 30000 F (2122 K) and 
f o r  1 hour a t  e x i t  temperatures above 3500° F (2200 K), 
from f i v e  d i f f e r e n t  sw i r l e rs  were damaged dur ing t h i s  test ing,  
spacer r i ng ,  which sealed the downstream end o f  the outer l i n e r  and the 
combustor housing, was warped, A maximum l i n e r  temperature o f  1680° F 
(1189 K) was recorded on the inner l i n e r  one inch (2,54 cm) downstream 
o f  the module a r ray -  No l i n e r  damage occurred, 

Five s ing le  vanes 
An annular 

Acoust ic resonance, - Resonance o r  acoust ic i n s t a b i l i t y  was not 
encountered during the tests,  
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FIGURE 1. 
HIGH TEMPE RATURE COMBUSTOR 

FULL ANNULAR MODEL 
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Figure  2.- ?hotograph of t he  conbustor w i t h  t h e  i.2. liner 
renoved t o  b e t t e r  i l l u s t r a t e  t he  c s n h s t o r  nodule array. 
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FIGURE 3. 
COMBUSTOR MODULE DETAILS 
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Figure 4.- Combustor exit temperature and combustion efficiency as a 
function of f'uel-air ratio. Combustor inlet air temperaturer 600' F 
(5.89 IC); airflow, 49-63 lb/sec (22.2-28.6 kdsec); combustor inlet 
pressure, 43.5-60 psi8 (30-41.4 n/cd) 
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Figure 5.- Effect of combustor in le t  Mach number on 
pressure loss. Combustor in le t  air temperature, 
600' FC589 K). 
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